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A B S T R A C T  

Investigation is under way at NBS Boulder  Laboratories on the 

aging of precision  quartz  crystal  units at temperatures below  about 

-100 *C. Measurements at 4 OK over  a  period of several weeks have 

indicated  a  substantial  improvement  in  stability.  The  measuring  ap- 

paratus  and  low-temperature  containers  are  described.  The change in 

turnover  temperature  versus  angle of cut is reported  for  the AT type 

plate  as the angle  was  increased  from  about 35.. At -190 ' C  the angle 

was  found to be  very  nearly 40'. 

Purpose of a Frequency  Standard  at Lnw Temperature 

Quartz  clocks are  used  as  transfer  standards in the determination 

of Universal  Time  and in the  generation  and  measurement of frequency, 

It is desirable that such  clocks  operate  with  practically  ,zero  rate  over 

a long period, e. g. , years, h order to: (1) determine with greater 

precision  the new second  as  approved by the  International  Astronomical 

Union in September  1955(1); (2) precisely  determine  the  microwave 

resonance  frequencies of atoms and molecules:  cesium,  sodium, a m -  

monia, etc.,  in  terms of the  ephemeris  second. Also, greater  fre- 

quency  stability is needed to accurately  transfer  the  standard of f re-  

quency for  scientific  and  engineering  applications,  fixed  and  mobile, 
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s h o r t   a n d  long l n f e r v a l s ,  e.g.$ i n   r a d i o   p r o p a g a t i o n   r e s e a r c h  and 

i n   r a d i o   n a v i g a t i o n  faci.1i.ti.e.s c 

Q u a r t z   o s c i l l a t o r s  and r e s o n a t o r s  a t  t h e  NB5 Boulder Lahosatosies 

are o p e r a t e d   a t   r e l a t i v e l y   c o n s t a n t   t e m p e r a t u r e s  i n  t h e   r a n g e  from 

about  1 2  t o  'C. Aging  amounts t o  1 to 3 p a r t s  i n  IO9 per  month c 

Work a t  N B  and elsewhere(2)  has i n d i c a t e d   t h a t  a s u b s t a n t i a l  re- 

duct i  on i n   a g i n g   r e s u l t s  when t he   qua r t z  resonator i s  operatec?. a t  

ve ry  low tempera tures e 

The m e a s u r e d   f r a c t i o n a l   f r e q u e n c y   v a r i a t i o n s   i n  a p r e c i s i o n   q u a r t z  

o s c i l l a t o r   r e l a t i v e  t o  ano the r  of  s i m i l a r   d e s i g n  a re  ahout 1 p a r t  in 

1010 in a few minutes e BY opera t ing  a t  l o w  temperature  one may o b t a i n  

higher Q, lower no i se ,  lower aging and,   lower   t empera ture   coef f ic ien t .  

With  such  improvements it a p p e a r s   p o s s i b l e   t o  obtain stabi l i t ies  of 

1 p a r t  i n  1O1O p e r  month o r  bet ter ,  

I n  the  development  of  measurement  methods and s tandards,   which 

keep  pace w i t h  advancements in the f i e l d  of   f requency   cont ro l ,  i t  appears  

d e s i r a b l e  t o  e x p l o r e   t h e   p o s s i b i l i t i e s   a t  low temperature.  

S u l s e r ( 3 )  has shmn t h a t   n o i s e  in t h e  r e sona to r   and   t he  a s soc ia t ed  

c l r c u i t  of a bridge t y p e   o s c i l l a t o r   c a l ~ s e s  a small frequency amd ampli tude 

modulatl on i n  tbe output .  

where K - Boltxmann's  constant,  

I n  an example given, Q = lo6, T =  320 %, power d t s s i . 9  ted i n  the r e son-  

a t o r  PR .I 2.5 m-l.crowatts, and time of  measurement t = 0.06 sec., t h e  
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frequency  devlation A& resul t ing  f rom  thermal  noise  i n  the  bridge i s  

approximately f 3 p a r t s   i n  1013. Under equal  conditions  except a t   l i q u i d  

helium  temperature  an  order of magnitude  improvemnt i n   s h o r t  tine s t a h i l i t y  

would he   ob ta ined .   Actua l ly   a t  4 'K t h e  Q has a higher  value  than a t  320 "K. 

f 

Probably 3 p a r t s   i n  1013 is a f a i r   e s t ima te ,   even  for 4 %, because 

it i e   u s u a l l y   d e s i r a h l e   t o   o p e r a t e   w i t h  lower p m e r   t o   r e t a i n   c o n s t a n t ,  

resonance  frequency v s  c rys t a l   cu r ren t .  

Descr ipt ion of Measurements 

Measurenaents were made, a t  ahout L 'K, on s e v e r a l  GT type quar tz  

c r y s t a l   u n i t s  and on two + 5' units all a t  approximately 100 kc, see 

Fig, 1. The GT units were s u f f i c i e n t l y   c l o s e   t o  100 kc for use of a 

GR 916 AL bridge  and a W.E. type 0-76/U d r i v e   o s c i l l a t o r ,  A s p e c i a l  

container  wi.th l i q a i d   n i t r o g e n   j a c k e t  was assembled t o  accommodAte the 

r e l a t i v e l y   l a r g e  size GT u n i t s   i n   l i q u i d  helium. An on-temperature 

run of  about 24 hours was possible.  The + 5' units had an o v e r a l l  

diameter  of a b u t  1/2 inch and were placed  under  l iquid h e l i u m  i n  a com- 

mercial  25 l i t e r   c o n t a i n e r .   E f f i c i e n c y  of t h e  con ta ine r ,   bu i l t   i n   1953 ,  

was such  that   an  undisturbed  on-temperature  run of s e v e r a l  months  could 

be obtained i f  desired.  A W.E. 0-76/U o s c i l l a t o r  was used   as  shown upside 

down i n   F i g u r e  2. Very l i t t l e   m o d i f i c a t i o n  was necessary; it was poss ib le  

t o  add r e s i s t o r s   i n   p a r a l l e l   w i t h  the o s c i l l a t o r   h r i d g e  arm and t o  opera te  

a t   d i f f e r e n t   c r y s t a l   c u r r e n t s   t o   a s  low a s  50 mi.croamperes and to add 

c a p a c i t o r s   i n   s e r i e s   w i t h   t h e   c r y s t a l   u n i t   i n   r n e a s u r i q  Q. 
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It is  ih t e re s t ing '   t o   no te   t ha t ,   w i th   t he   equ ipmen t   u sed , the   l i qu id  

helium b o i l  o f f   averaged   about  200 cc of 'liquid per   day .   Boi l   o f f  was 

measured  with a commercial gas flow meter; t o  rninlmize  the boil D f f  the  

c r y s t a l   u n i t  vas connected with constantar, wire. 

Outputs frcm t h e  test o s c i l l a t o r  and from a s t a n d a r d   o s c i l l a t o r  

were e a c h   m u l t i p l i e d   t o  100 MC w i th   equ ipmen t   l i ke   t ha t  shown i n   F i g u r e  3. 

The h e a t   f r e q u e n c y   a t  100 MC was counted 10 seconds   to  give a s e n s i t i v i t y  

of  & l p a r t   i n  10 . 9 

G o l d - c o b a l t   a l l o y  t o  copper  thermocouple% were waxed t o   t h e  g l a s s  

bulbs of t h e  l00 k c   u n i t s .   T e n p e r a t w e  d d n g  cooling o r  warm-up was 

measured on a record ing   po ten t iometer .  

Measurement Resu l t s  

Without   except ion the p r e c i s i o n  GT u n i t s  were .found t o  have a turn-  

over   temperature  a t  about  -150°C, This was r epor t ed  on two units, Nos. 

38 and 40 of F igu re  4, a t  the Frequency  Control Symposium i n  1953. The 

uni te   had  Q va lues  i n   t h e   r a n g e   f r o m  2 to 10 x lo6. Uncer t a in ty  i n  

tempera t u r o  measurement S till exists i n  t h e  rang e 4 t o  20 'K because 

of  Insensi t ive thermocouples  and a r e l a t i v e l y   l a r g e  time lag between 

temperature  of the  couple  and t h a t  of' t h e  crystal. When covered  with 

l i qu id   he l ium  t4e  GT u n i t  would become s t a b l e   a f t e r  about Z 1/2 hours.  

No aging  trend  while  on-temperature a t  4 % was observed. 

'he 3 5' crystal  u n i t ,  whose tempera ture   versus   f requency  deviation 

is a l s o  sho n on Figure bas about  10 times the  frequency change from 

4 % t o  273 'K as t h e  GT u n i t ,  The va lue  shown a t  about 20 'K was obta ined  
Y 

when immersed in   1iqui .d   hydrogen.  
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AT Crystal  Units 

As mentioned  last  year it was  planned  to  operate a modified AT 

unit at a regulated  temperature  near  that of liquid  nitrogen.  Relaxations 

in quartz  reported by Bornmel,  Mason  and  Warner(5)  led  to  abandonment 

of this plan  for  highest  constancy  transfer  standards.  However, it is 

important  to  obtain  information  for  design of units  having  turnover  tem- 

peratures at any low temperature,  Figure 7 gives  experimental  results 

to  about - 190 "C while  Figure 8 gives  both NBS experimental data and 

that  published by others  for  the  relatively wide range -200 to t 250 * C .  

AT units  over  the  range 4 *K and  upward  are  shown in Figure 9. 

For  application  in  the 4 'K region it may be more  practical  to  use  con- 

ventional AT cuts  because of the  high  temperature  coefficients  encountered 

in adjustment of the  units at ordinary  temperatures. 

Future  Plans 
. ~ .  

An outline  drawing of a large-neck  liquid  helium  container i e  shown 

in  the  last  illustration,  Figure 10. One container was delivered on May 5 

at NBS Boulder  Laboratories. It was designed  along  with its heat-exchanger 

plug to  have  the  same  boil off as  the  small-neck  containers.  After  careful 

heat  measurements  and  satisfactory  operation is determined,  the unit will 

be  supplied  with GT units  and  put  into  long term operation. 

Other  work  in  FYI57  applicable  to  quartz  crystal  units is a planned 

paper  study of small  size,  e. g . ,  1 cubic  inch  work  space,  temperature- 
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regulated  ovens  operating  in  the  range below -100 *C.  Such  ovens ehould 

have  an  overall  volume of less  than 1 cubic  foot  and  should  preferably 

operate  from  electrical  energy, 

Development  work on high epeed  frequency  measurement apparahm 

having sensitivities of 1 part  in 1012 or  better hae been  commenced The 

error  multiplier method in u8e at the Naval Research  Laboratory  and 

once  used  at NBS Wil l  be further  investigated. This method has the ad- 

vantage of confining all frequency  multiplication to relatively low ratios 

and frequencies;  for example, a standard  l00 kc is multiplied  to 900 kc 

and an unknown 100 kc is multiplied  to 1000 kc; the  difference  frequency 

has BO times the error.  

203 



References 

(1) IXth General  Assembly of the  International  Astronomical Union, 
Commission 31, August 29 to  September  5, 1955. 

(3)  "High stability  bridge  balancing  oscillator, P. G. Sulzer,  Proc. IRE, 
43, - NO. 6, 701 - 707 (1955). 

(4) "Low temperature  electronics", C.  A. Swenson  and A. G. Emslie, 
Proc.  IRE, 42, No. 2 ,  408 - 413  (1954). - 

(5)  "Experimental,  evidence of dislocations  in  crystal  quartz", H. E, 
Bommel, W. P, Mason,  and A. W. Warner, J r . ,  Phys.  Rev, 99, 
1894  (1955). 

- 

(6) tlFrequency  multiplier6  and  converters for measurement  and  controll', 
J.  M. Shaull,  Tele  Tech, - 14 No 4, 86-89 (1955). 



List of Illustrations 

1. 

2. 

3, 

4. 

5 .  

6 .  

7. 

8 .  

9.  

10. 

Photograph sf typical quartz crystal units measured. 

Photograph of liquid  helium  container  and  associated  oscillator  circuit. 

Underchassis view of dual-channel  frequency  multiplier 100 kc to 100 MC. 
See Reference (6) .  

Frequency  change  versus  temperature  for 100 kc GT qusrtz crystal units 
and  one -6- 5 unit. 

Warmup characteristics  for  a 100 kc GT quartz  crystal unit. 

Aging of 100 kc, t 5' quartz  crystal U d t S  at 4. 'K and 12, 1 OC. 

Frequency  versus  temperature  for 5th overtone 5 MC, AT type,  quartz 
crystal  units for different ZZ' angles. 

Summary of available data on AT type  quartz  crystal units, turnover 
temperature  versus 22' angle. 

Frequency  change versus temperature  for 5 MC, 5th overtone AT 
quartz  crystal units, 
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